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Abstract

Patibandla, Sivani. M.S.M.E., Department of Mechanical and Materials Engineering,
Wright State University, 2018. Layer-to-Layer Physical Characteristics and Compression
Behavior of 3D Printed Acrylonitrile Butadiene Styrene Metastructures Fabricated using
Different Process Parameters.

Three-dimensional (3D) printing, a subset of additive manufacturing, is currently being
explored heavily for actual part fabrication due to its ability to create complex objects with
intricate internal features. There are several 3D printing technologies; however, the
extrusion-based technology such as fused deposition modeling (FDM) is the widely used
one owing to its low cost. The FDM method can be used to fabricate parts with different
fill densities, fill patterns, and process parameters such as extruder fabrication temperature
and print fabrication speed. In this research, influence of process parameters such as
extruder fabrication temperature and fabrication speed on the physical characteristics such
as the shape and the size of printed fibers in each layer, the fiber distance, and the fiber-tofiber interface are investigated. In addition, their effects on mechanical characteristics of
the printed samples are examined and interpreted with respect to the layer physical
characteristics. To accomplish this, phononic metastructure specimens are fabricated using
acrylonitrile butadiene styrene (ABS) polymer on a Maker Bot 2X Replicator 3D printer.
Three different extrusion fabrication temperatures (210 ˚C, 230˚C, and 250˚C) and print
fabrication speeds (100 mm/s, 125 mm/s, 150 mm/s) are considered with an infill density
iii

of 50%. Optical microscopy is performed for layer physical characterization while the
compression and hardness tests are done to evaluate the mechanical properties such as the
hardness, failure strength, yield strength and compressive modulus. It is observed that the
print head fabrication speed has minimal effect on mechanical properties; however, an
improvement in mechanical properties are observed at higher fabrication temperature.
Also, the lower fabrication temperature results in more uniform features within the layers
as compared to those printed at higher extruder fabrication temperature.
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1
1.1

INTRODUCTION
Overview

This chapter focuses on Additive Manufacturing or 3D printing and technologies in
Additive Manufacturing. Phononic metastructures is discussed. The motivation behind this
work is discussed.
1.2

Phononic Metastructures

Phononics is an emerging field which deals with reverse type of structure development. In
general, the engineering structures are made from the material and are tested for the
mechanical response. It is possible to reverse this process where the structure is developed
for desired properties. Here, the material intrinsic properties are designed according to the
structural response. Several analyses can be done by changing parameters to reach the
required properties. These types of materials are also known as lattice materials or periodic
materials. The process is also called as “material made out of a structure” [1] and is shown
in Figure 1.1.

1

(a)

(b)

Figure 1.1 (a) Structure made out of a material [1], (b) Material made out of a structure [1]
1.3

Additive Manufacturing

Three-dimensional (3D) printing is a subset of Additive manufacturing process in which a
three-dimensional object is created and solidified under the control of a computer. Additive
manufacturing has grown in a few years took the production to the next level. This
technique is not only constrained to the prototypes, it has been accepted and adopted by
many industries.
In Additive manufacturing, the 3D parts or prototypes are fabricated through layer by layer
deposition of the material. A computer aided design (CAD) sketch is developed using 3D
modeling software and is converted in to Stereolithography (.STL) format to print. Most
of the 3D printers recognize the .STL format.
There are large range of categories, technologies and materials available in 3D printing.
According to ASME, additive manufacturing technologies are categorized as shown in Fig
1.2 below.
2

Figure 1.2 Classification of Additive Manufacturing Technologies [2]
1.3.1

VAT Photopolymerization

In the VAT polymerization process (Figure 1.3), the model is constructed layer by layer
using a liquid resin (photopolymer). The build platform is submersed into the resin. Resin
is cured or hardened by ultraviolet light layer by layer. The platform moves downwards
from the top of the resin according to the thickness of the layer. This process is repeated to
produce the desired solid part.
The technologies used in the VAT photopolymerization are:
a) Stereolithography (SLA)
b) Direct Light Processing (DLP)
c) Continuous DLP (CDLP)
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Figure 1.3 Schematic representation of Vat Photopolymerization [3]
The VAT photopolymerization is best suitable for producing the parts with soomth surface
finish and fine details.
1.3.2

Powder Bed Fusion

In the Powder Bed Fusion (PBF) method, the powdered material is fused together using
either the electron beam or laser. Roller and blade mechanism is used to spread the new
layer over the fused layer. The fresh material is supplied from the reservoir or hoop which
is aside of the bed. This method requires vacuum. Metals and alloys can be fused in this
process. A schematic diagram of the PBF method is shown in Figure 1.4.
The technologies used in the powder bed fusion are:
a) Direct metal laser sintering (DMLS)
b) Electron Beam Melting (EBM)
4

c) Selective heat sintering (SHS)
d) Selective laser melting (SLM)
e) Selective laser sintering (SLS)

Figure 1.4 schematic representation of power bed fusion [4]
1.3.3

Material Jetting

Material jetting (Figure 1.5) is a process in which small drops of photopolymer material is
jetted on to the build platform that is selectively hardened by using UV light. Solidified
droplets on the build platform forms the first layer. Layer on layer is built until the required
specimen is printed. This process is limited to certain materials as the material is injected
in the form of droplets. The materials which are more viscous in nature are suitable for this
technique. Waxes and polymers are most suitable because of their ability to form droplets.
The specimen developed from material jetting has good surface finish and high
dimensional accuracy.
5

The technologies used in Material Jetting are:
a) Material Jetting
b) Nano particle Jetting
c) Drop- on- Demand (DOD)

Figure 1.5 Schematic representation of material Jetting [2]
1.3.4

Binder Jetting

In binder jetting, thin layer of powder is spread over the build platform using a blade. To
bond the spread powder together a binding agent is drooped in the form of droplets from
nozzle which is supported by a carriage. The diameter of the droplet is 80µm which results
in good resolution [3]. As the first layer is done the build platform moves downwards to
build the next layer. This process is repeated till the whole build is completed in green
form, which is then baked at high temperature. The main advantage of this process is the
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binding occurs at room temperature. Large and complex metal parts can be manufactured
by this process. A schematic diagram of the process is shown in Figure 1.6.
The technologies used in Binder Jetting are:
a) Laser Engineered Net Shape
b) Electron Beam Additive manufacture

Figure 1.6 Schematic representation of Binder Jetting [4]
1.3.5

Material Extrusion

The material extrusion uses the technology of Fused Deposition Modeling (FDM) as shown
in Figure 1.7. This is the most popular 3D manufacturing process because of its low cost
and quick prototyping. In this process the filament is guided from the tube in to the nozzle.
The nozzle is maintained at a fabrication temperature to melt and extrude the filament. The
filament is extruded at the assigned position on the build platform. The platform is also
maintained at certain fabrication temperature where the extruded filament is cooled and
7

solidified. The fans attached to the extrusion head help in cooling the material. The build
platform mover down after finishing the first layer and new layer starts depositing. This
process is repeated until the full specimen is printed [5] .

Figure 1.7 Schematic diagram of FDM process [25]
1.4

Classification of 3D Print

Printing cost and printing time can be reduced using FDM technology. In FDM we can
control the infill density and shells which play an important role in controlling the quality
and appearance.
1.4.1

Shells

Shells are the outer walls of a 3D print. The shells are classified as bottom layer, side
layers and top layer. Bottom layer is the side of the model which faces the build plate
whereas the top layer is the face of the model which faces the nozzle. See Figure 1.8 for
3D print classification.
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Figure 1.8 Classification of 3D Print [27]
1.4.2

Infill & Infill percentage

Infill is the structure that is filled inside an object (Figure 1.8). The strength of the design
depends on the percentage of infill. For a design depending on the requirements infill
percentages and geometry can be changed. Figure 1.9 shows a printed object with three
different fill densities.

Figure 1.9 Infill percentages of 20% (left), 50% (center) and 75% (right) [6]
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1.4.3

Infill Geometry

Infill geometry is the type of shape filled inside the pattern. The following are the most
commonly used geometries (shown in Figure 1.10).
Rectangular – It is the standard pattern for FDM prints. It is fast printing and provides
strength in all directions.
Triangular – This type of infill is used if more strength is needed in the direction of walls.
It will take more time to print.

Figure 1.10 Types of infill geometries [6]
Wiggle – Is used when smooth or soft finishing is required. Most suitable for rubbery
materials.
Honeycomb – This is most popular infill pattern. It provides strength in all directions and
quick to print.
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1.5

Hardness

The deformation of specimen depends on the printed fibers that form a layer. The
mechanical characteristics of a fiber can be obtained only from the Hardness test till now.
To find the mechanical characteristics of the layer hardness is the simple and effective
method [7]. Hardness is defined as the property of a material which enables the material
to resist plastic deformation [8]. There are different methods for testing the hardness
depending on the applied load and indenter. The types of hardness tests are scratch
hardness, static indentation hardness and dynamic hardness. Static indentation is the
process in which the load is applied to a ball indenter. From the relationship between the
applied load and area of indentation the hardness is obtained [7].
There are several types of hardness tests. Some of them are:
I.
II.

Brinell Hardness Test
Rockwell Hardness Test

III.

Knoop Hardness Test

IV.

Vickers Hardness Test.

1.5.1

Brinell Hardness Test

In Brinnel hardness (Figure 1.11), a carbide ball is generally used as an indenter. The force
applied on the indenter is controlled for a period of time on test sample. By measuring the
indentation diameter, hardness can be calculated using a formula.
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Figure 1.11 Brinnel hardness test [9]
1.5.2

Rockwell Hardness Test

Hardness is done by applying initially a small load to set up zero reference point using a
steel ball or diamond cone indenter (Figure 1.12). After releasing the small reference load,
the main load is applied for a period. The hardness value is the variation in indentation
depth due to applied load from reference point.

Figure 1.12 Rockwell hardness test [9]
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1.5.3

Knoop Hardness Test:

This type of test is used to find the micro hardness (Figure 1.13). Like Brinnel type of
hardness, the load of 1kg or less is applied on the specimen for period of time. In this,
rhombus shape indenter is used. Hardness is calculated from meticulous measurements.

Figure 1.13 Knoop hardness test [9]

1.5.4

Vickers Hardness test:

This type of test (Figure 1.14) is preferable for both micro and macro scale. This type of
test is done by maintaining the controlled force over period of time. Square shaped diamond
pyramid type indenter is used. Load applied, and impression measurements are used to
calculate Vickers hardness value.
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Figure 1.14 Vickers hardness test [10]
1.6

Stress Strain Curve

The relationship between the stress and strain of a material is the Stress-Strain Curve of
that material. Each material has unique stress strain behavior. These curves record the data
of deformation at different intervals [11]. To find the mechanical properties, compression
test is performed on the specimen and a stress-strain curve is developed from the results.
To study the behavior of the ABS material, modulus, yield strength and failure strength
values are evaluated from the graph. Modulus is the slope of the elastic region; yield point
is the starting point of plastic region and failure strength is point at which fracture starts.
In general, there are two types of stress strain curve which are shown in Figure1.15. They
are true stress-strain curve and engineering stress strain curve. In this work, the results of
engineering stress-strain curve are used.
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Figure 1.15 stress-strain curve 1: Failure strength 2: Yield strength 3: Fracture 4:Strain
hardening region 5: Necking region [11]
1.7

Aim and scope

The main aim of this study is to study the effect of process parameters such as extrusion
fabrication temperature, and print fabrication speed on cubes fabricated with 50% infill
density. Nine different cubes are built with three different fabrication temperatures and at
three different fabrication speeds. This research to study the physical and mechanical
characteristics of 3D printed samples without shells. The samples are designed in
SolidWorks and fabricated using an FDM printer Makerbot Replicator 2X. Compression
tests are done using INSTRON 5500R. Stress-strain curves are plotted for the samples and
the modulus, yield and failure stress are compared. The physical characteristics such as
the shape and the size of printed fibers in each layer, the fiber distance, and the fiber-tofiber interface are investigated. In addition, their effects on mechanical characteristics of

15

the printed samples are examined and interpreted with respect to the layer physical
characteristics. The hardness test is done by using MICROMET 1 with a load of 25gf. The
micro indenter is indented at contact of the fibers from top and cross section for all the
samples to compare their effects with change in fabrication temperature and fabrication
speed.

16

2
2.1

LITERATURE REVIEW
Overview

Literature survey related to the present research is briefed in this chapter. It deals with the
previous work done on influence of the parameters on 3D printed substrates using ABS.
2.2

Compression Test

Several research works are done analyzing the compressional properties of 3D printed
samples using FDM process. However, it is important to have a review of the compression
tests which evaluate the mechanical properties. Krishna P. et al [12] studied the effect of
build parameters on the compressional properties for ULTEM 9085 parts which were
fabricated using FDM. In their work they considered the variations in air gap, build
direction and raster angle. They built the specimen in horizontal and vertical directions
with raster angles at (450, -450) and (00, 900) and with an air gap of -0.00635 mm × -0.0127
mm × -0.01905 mm. They also performed experiments to find effect of fabrication
temperature and build direction to study compressional properties of specimen which are
built at 24˚C, 82˚C, 121˚C. Specimen were fabricated with a dimension of 38.1 mm 38.1
mm 25.4 mm as shown in Figure 2.1.
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Figure 2.1 Dimensions, horizontal-build specimen, and vertical-build specimen [13]

Figure 2.2 Physical models for horizontal build compression specimen [12]

Figure 2.3 Physical models for vertical-build compression specimen [12]
18

A similar research was made by Sai Avinash Yadlapati [14] by changing layer thickness,
build orientation and infill density on a body-centered cubic (BCC) lattice structure. He
considered the build orientations at 0˚, 45˚, 90˚; infill densities as sparse high and solid;
layer thickness of 0.010 and 0.013 inch which are printed by uPrint using ABS as material.
He also captured the microscopic images to understand the surface characteristics. The
dimensions of the BCC lattice structure are 20 mm x 20 mm x 20 mm with a truss diameter
of 1 mm. However, he observed that the printed sample truss diameter is not 1 mm its inbetween 0.9 and 1.1 mm. Instron 5500R universal testing machine was used for the
compression test.
Nectarios Vidakis et al [15] used FDM process to build the Steward Platform part using
ABS and ABS plus. The parts were built with different building parameters and tested. The
prismatic joint used for testing with a dimension of 12.7× mm ×12.7 mm ×50.8 mm is
shown in Fig 2.4.
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Figure 2.4 printed Steward Platform. (a) Stewart platform 3D geometric model,
(b) the prismatic joint studied [15]

The printers Dimension Elite and Dimension BST768 are used to print ABS plus and ABS
respectively. Even though the specimens were built as solids it prints with 97% of infill
and the remaining 3% is occupied by the air gap. The specimen from Elite were built with
0.1778 mm and 0.2540 mm whereas Dimension BST 768 built with 0.254 mm and 0.3302
mm. The compressive tests were performed under these test cases using Schenk Trebel Co.
tensile testing machine.
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2.3

Hardness Test

Hardness test was performed by the previous researches to study effect of parameters on
strength. Kshitiz Upadhyay et al [16] used specimen which were rectangular prisms with
a size of 12.7 mm × 25.4 mm × 6.4 mm built according to ASTM D638 standard is shown
in Figure 2.5.

Figure 2.5 ASTM D638 type I tensile bar [16]
The samples (Figure 2.6) were fabricated by FDM SST-768 machine, using FDM process
by changing the build directions i.e. in horizontal and vertical direction which will result
in the change of stress on fibers. White ABS P400 polymer was used as a filament. For this
study a layer thickness of 0.2540 mm, interior of solid normal were considered. Rockwell
hardness test was done on the specimen. To find the values of hardness procedure A under
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D785 was used. M scale was adopted. Initially a minor load of 10 kgf for 10 s and a major
load of 100 kgf for 15 s were applied by steel ball indenter.

Figure 2.6 specimen used for hardness testing [16]
The influence of the thickness on the hardness was studied by Pritish Shubham et al [17]
(Figure 2.7). To find the hardness, the samples were fabricated by FDM printer of Cubex
Company. In this work they varied the thickness from 0.075 mm to 0.5 mm with an interval
of 0.025 mm. The specimen with size of 30 mm × 30 mm × 6 mm was built to do the
Rockwell hardness test according to ASTM D-785 standard. Initially a load of 10 kg was
applied, and maximum load of 60 kg was applied at 5 different locations and were
averaged.
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Figure 2.7 Layer stacking and its penetration by indenter [17]
Modeled Polycarbonate specimen were manufactured to study the failure criteria at
different raster angles by fused deposition modeling (FDM) by Nevin Hill et al [18]. Raster
angles were varied from 0˚- 90˚ with an interval of 150 for the testing samples (Figure 2.8).
To find the hardness of built samples Rockwell hardness test was performed in accordance
with ASTM D785 standard at the center of each sample (Figure 2.8). Dimension of the
specimen used for testing is also depicted in the Figure 2.8.
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Figure 2.8 Hardness test specimen [18]
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3

DESIGN AND FABRICATION

3.1

Overview

In this chapter the design of the metastructure specimen is discussed for both mechanical
and physical testing. The samples are designed using the SolidWorks©, a computer aided
Design (CAD) software. Both the compression and hardness test specimens were designed
and fabricated. For the compression test the shells are removed from the specimen through
milling. The dimensions of the samples are described in detail. The tests are conducted to
obtain the material mechanical and physical properties of ABS at different fabrication
temperatures and fabrication speeds.
3.2

Fabrication of Phononic Metastructures

Fused Deposition Modeling (FDM) is the most commonly used 3D printing technology.
Most of the FDM system allows the changes in process parameters like fabrication
temperature, infill density, infill pattern, layer height, print fabrication speed. Nine
different substrates with dimensions of 30 mm × 30 mm × 30 mm are fabricated using
MakerBot Replicator 2X. The 3D model created in SolidWorks is shown in Figure 3.1.
True Gray color ABS filament is used as the material. All the samples are printed with
infill density of 50% and layer thickness of 0.1 mm. These metastructures are processed
with rectilinear infill pattern. Molten filament is deposited from the nozzle in the crisscross
manner on to the build platform producing directional or anisotropic material properties
[19].
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Most of the 3D printers accept the files in .STL format only. So, the model geometry
information is converted to .STL format using SolidWorks. After exporting the file for 3D
printing, .STL file is converted to .makerbot or .x3g file [20]. In this study, nine different
process conditions consisting of different extrusion fabrication temperatures (210˚C,
230˚C, and 250˚C) and different print fabrication speeds (100 mm/s, 125 mm/s, 150 mm/s)
are used. The other parameters which are kept fixed are shown in Table 3.1. The nine
process conditions are shown in Table 3.2.

Figure 3.1 3D CAD model of phononic structure
Parameter

Value

Infill Density (%)

50

Infill Layer Height (mm)

0.10

Infill Pattern

Linear

Layer Height (mm)

0.3
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Roof Thickness (mm)

0.8

Floor Thickness (mm)

0.8

Platform Fabrication temperature (0c)

125

Table 3.1 Build parameters Used

Process Condition
No

Fabrication speed
(mm/s)

Fabrication temperature (˚C)

1

100

210

2

125

210

3

150

210

4

100

230

5

125

230

6

150

230

7

100

250

8

125

250

9

150

250

Table 3.2 List of process conditions for fabricated specimens
3.3

Compression test specimen

As previously mentioned, 9 process conditions are considered for this study to compare the
mechanical properties. Three specimens of each condition are built to get the accurate
results. They are solid cube structures with 50% infill density and each fabricated with a
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dimension of 30 mm × 30 mm ×30 mm. To find the characteristics of the samples without
shells, the side shells of structures are removed by milling process. The ultimate
dimensions after removing the shells are 24 mm × 24 mm ×30 mm (Figure 3.2).

Figure 3.2 Compression test Specimen
3.4

Hardness Test Specimen

Two sets of samples are made for the hardness test. One set of specimens for testing from
top and the other to measure the bonding strength between the layers. To measure the
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hardness from the top the structures are built with dimension of 30 mm × 30 mm and a
thickness of 6 mm as shown in Fig 3.3.

Figure 3.3 Hardness test specimen
Whereas to measure fiber bonding the samples are printed with a dimension of 30 mm ×
30 mm and a thickness of 9 mm. These samples are placed in wax and cut into half and
polished. A polished cross section is shown in Figure 3.4.
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Figure 3.4 Hardness specimen placed in wax

3.5

3D printer used for fabrication

MakerBot 2X Replicator used to print all the structures is shown in Figure 3.5. It uses the
.STL file as the input using MakerWare software provided. This printer uses FDM
technology to build the samples. This printer has no limitations like other printers. Many
parameters like print fabrication speed, extrusion fabrication temperature, infill percentage,
infill geometry, layer thickness and many other parameters can be varied depending on the
material type and requirement. This printer has two extruders one to build the main
specimen and other to build the supporting structure. The recommended printing
parameters for ABS is shown in Table 3.3.
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Parameter

value

Print fabrication temperature (˚C)

230

Print fabrication speed (mm/s)

100

Bed fabrication temperature (˚C)

110

Table 3.3 Recomended printing parametrs for ABS

Figure 3.5 MakerBot 2X replicator 3D printer
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4
4.1

PHYSICAL CHARACTERIZATION
Overview

In this section all the physical characteristics of structures which are built at different
fabrication temperatures of 210˚C, 230˚C, 250˚C and fabrication speeds of 100 mm/s,125
mm/s, 150 mm/s are presented. Discussion on the structures from top view and cross
section view is included. The variation in the sizes of fiber and gap between the fibers is
discussed with the microscopic images and measurements.
4.2

Metastructures From Top View

All the structures are observed from top view using the optical micrometer with 3 different
magnifications at 6.3, 18 and 20. Size of fiber and gap between them is measured by using
the microscopic scale. For each sample, the readings are taken at 6 different locations and
average value is considered to understand uncertainty. From the measured values it was
observed that there is a large gap between the fibers at low fabrication temperatures and
the gap decreased with increase in fabrication temperature. The measured values are
tabulated below in Table 4.1 and Table 4.2. Data of Tables 4.1 and 4.2 are plotted against
extruder temperature and are shown in Figures 4.1 and 4.2, respectively. Microscopic
images for all nine conditions viewed from the top are shown in Figures 4.3 through 4.11.
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Fabrication
temperature(˚C)

Fiber gap (mm) (St. dv. in %)
100 mm/s

125 mm/s

150 mm/s

210

4.16 (5.6)

4.08 (10.57)

4.10 (3.35)

230

3.68 (2.17)

3.76 (7.28)

3.81(9.43)

250

3.67 (10.35)

3.89 (14.53)

3.90 (8.30)

Table 4.1 Measured fiber gap with fabrication temperature

Fabrication
temperature(˚C)

Fiber width (mm) (St. dev. In %)
100 mm/s

125 mm/s

150 mm/s

210

3.64 (3.30)

3.63 (4.53)

3.53 (3.14)

230

3.87 (3.32)

3.95 (2.31)

3.88 (2.79)

250

4.08 (3.46)

3.77 (3.28)

3.84 (2.89)

Table 4.2 Measured fiber length with fabrication temperature
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Fiber Gap vs Fabrication Temperature
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Figure 4.1 Graph of fiber gap vs. fabrication temperature

Fiber Width vs Fabrication Temperature
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245

250

255

Figure 4.2 Graph between fiber length and fabrication temperature

Figure 4.3 Layer top view of condition 1 (2100 C, 100mm/s)

Figure 4.4 Layer top view of condition 2 (2100 C, 125mm/s)

Figure 4.5 Layer top view of condition 3 (2100 C, 150mm/s)
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Figure 4.6 Layer top view of condition 4 (2300 C, 100mm/s)

Figure 4.7 Layer Top view of condition 5 (2300 C, 125mm/s)
9

Figure 4.8 Layer Top view of condition 6 (2300 C, 150mm/s)
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Figure 4.9 Layer Top view of condition 7 (2500 C, 100mm/s)

Figure 4.10 Layer Top view of condition 8 (2500 C, 125mm/s)

Figure 4.11 Layer Top view of condition 9 (2500 C, 150mm/s)
4.3

Metastructures Cross Sectional View

The cross sectioned samples are observed under the optical microscope at three different
magnifications of 10, 16 and 18. From the cross section the effect of fabrication
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temperature on the fiber length and fiber distance is clearly observed from the images. The
fibers at low fabrication temperatures appeared to be more uniform than at high fabrication
temperature. The measured average fiber gap and fiber width are shown in Table 4.3 and
Table 4.4, respectively.

Fabrication

Fiber Gap (mm)

temperature (˚C)
100 mm/s

125 mm/s

150 mm/s

210

4.53

4.5

4.6

230

3.7

4.1

4.3

250

3.94

3.67

3.77

Table 4.3 The measured fiber gap from cross sectional view

Fabrication
temperature (˚C)

Fiber width (mm)
100 mm/s

125 mm/s
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150 mm/s

210

3.37

3.41

3.41

230

2.84

3.31

3.6

250

3.64

3.74

3.51

Table 4.4 The measured fiber width from cross sectional view

Figure 4.12 Layer cross sectional image of condition 1 (2100 C, 100mm/s)

Figure 4.13 Layer cross sectional image of condition 2 (2100 C, 125mm/s)
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Figure 4.14 Layer cross sectional image of condition 3 (2100 C, 150mm/s)

Figure 4.15 Layer cross sectional image of condition 4 (2300 C, 100mm/s)

Figure 4.16 Layer Cross sectional view of condition 5 (2300 C, 125mm/s)
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Figure 4.17 Layer cross sectional view of condition 6 (2300 C, 150mm/s)

Figure 4.18 Layer cross sectional image of condition 7 (2500 C, 100mm/s)

Figure 4.39 Layer cross sectional view of condition 8 (2500 C, 125mm/s)
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Figure 4.4 Layer Cross sectional view of condition 9 (2500 C, 150mm/s
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5
5.1

MECHANICAL CHARACTERIZATION EXPERIMENTS
Material Properties

True gray color ABS is used to build all the specimens for both compression and hardness
tests. This research studies the effect on the mechanical parameters due to change in print
fabrication speed and print fabrication temperature. In this section, the compression test
and hardness test of the samples are described. Stress-strain curves are plotted from the
compression results to find the modulus of elasticity, yield strength and failure strength.
5.2

Compression Test

All 27 samples (3 samples for each of nine conditions) of phononic metastructures were
tested using INSTRON 5500 R, universal testing machine shown in Figure 5.1. It has a
maximum load capacity of 150 KN [21]. INSTRON provided a software, Bluehill2 that
post-processes the data obtained. The samples were subjected to compression under
displacement control of 0.5 mm/min. Each specimen was compressed up to 15 mm crush
length, which is 50% of total height. Stress-Strain curves are plotted from the compression
test results to find the modulus of elasticity, yield strength and failure strength.
The results were saved in excel data format. Using the saved data from excel, stress-strain
curves were plotted. All the 27 stress-strain plots are shown in 9 figures for 9 conditions
and are shown in Appendix at the end of the document. As mentioned earlier 3 samples of
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each type are tested to get the accurate results. Figure 5.2 shows a sample under
compression.
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Figure 5.1 INSTRON universal testing machine

Figure 5.2 Phonic structure during compression
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5.3

Hardness Test

Vickers hardness test is performed on all 9 samples using MICROMET 1 which is shown
in Figure 5.3. It has a maximum capacity of 1 kgf. This equipment uses Clemex CMT
software to measure, acquire and analyze the results of hardness test. It has the automatic
image analysis software which measures the area of indentation. Clemex CMT has a highresolution camera to get high resolution images and also indented diagonal are measured
from point to point using dimensional calibration based on a high precision stage
micrometer. Results can be directly obtained from Clemex CMT software or exported to
excel sheets [22]. The samples used for hardness testing from top and from cross-section
are shown in Figure 5.4.
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Figure 5.3 Micromet 1 hardness testing equipment

Figure 5.4 Specimen used for hardness test. Left: from top; Right: from cross-section
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The first set of specimens were indented with a load of 25 gf from top at 3 different
locations and the average value of results is taken to get accurate results. Whereas the
second set of samples are indented with the same load of 25 gf from the cross section at
the intersection point of the fibers. The test is done at 3 different locations and average
value considered as the result. Since the surface is not flat while indenting from the top,
only the length of indentation in the fiber length direction is recorded that is a function of
hardness. Figures 5.5 show the indentation for the samples indented from the top and crosssection, respectively.

(b)

(a)

Figure 5.5 (a) Indentation from top (b) Indentation from cross section
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6

RESULTS AND DISCUSSION

6.1

Overview

This section details the results from experimental work. The most important part of this
section is stress-strain curve to evaluate the results for all 9 conditions. Three samples of
each condition are used for compression test and 2 sets of 18 in total for hardness test are
used.
6.2

Compression Test Results

The stress-strain data obtained from the compression tests was converted to excel
worksheets by Bluehill2. The data has both true stress strain values and engineering stress
strain values. Figure 6.1 shows the engineering stress-strain behavior for all 9 conditions.
Stress-strain plots of all 27 samples are presented in Appendix. It is clear from Figure 6.1
that the stress-strain plots for 210 oC samples lie clearly below the 230 oC and 250 oC
samples.
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Failure Strength

Yield Strength

Figure 6.1 stress-strain curves of all conditions
6.2.1

Variation in Modulus of Elasticity with Fabrication temperature

Average moduli along with percentile standard deviation for all 9 conditions are
summarized in Table 6.1. The modulus of elasticity is calculated from the slope of the first
linear region of the stress-strain plot. Graphs are plotted for the modulus values at different
fabrication temperatures as shown in Figure 6.2. Figure 6.3 shows the specific modulus
plots, where the specific modulus is defined as the elasticity modulus per unit sample mass.
It is clearly observed that in all the three cases of fabrication speeds of 100 mm/s, 125
mm/s, and 150 mm/s the value of modulus increases with an increase in fabrication
temperature from 210 ˚C to 250 ˚C. The maximum value is observed for condition 9 which
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is at a fabrication temperature of 250 ˚C and minimum value at 210 ˚C. The maximum
modulus of elasticity is about 321.8 MPa and minimum is 179.1 MPa. It is observed that
there is a large increase in modulus from 210 ˚C to 230 ˚C of about 56.7% whereas a small
increase of 14.6% from 230 ˚C to 250 ˚C. It is also observed that the specific modulus also
increases with increase in temperature which is shown in Fig. 6.3. Both the modulus and
specific modulus values have minimal effect on fabrication speed.

Modulus vs Temperature
350
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Figure 6.2 Graph of modulus vs. extruder temperature
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Specific Modulus (MPa-m3/Kg)

Specific Modulus Vs Fabrication Temperature
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Figure 6.3 Specific modulus vs. extruder temperature plots

Modulus (MPa) (St. dv. in %)
Fabrication
temperature (˚C)

Modulus percentage

100

125

150

100

125

150

(mm/s)

(mm/s)

(mm/s)

(mm/s)

(mm/s)

(mm/s)

210

203.2
(9.64)

208.7
(12.96)

179.1
(15.29)

230

267.8
(2.96)

270.9
(19.81)

280.7
(15.58)

31.8

29.8

56.7

250

299.8
(2.34)

293.5
(5.62)

321.8
(5.53)

11.9

8.3

14.6
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Table 6.1 Modulus values with Fabrication Temperature

6.2.2

Variation of yield strength with fabrication temperature

Yield strength is calculated using 0.2% offset strain from stress-strain plots. Table 6.2
summarizes the average yield strength along with percentile standard deviation for all nine
conditions. The average yield strength data are plotted against extruder temperature in
Figure 6.4 for all three fabrication speeds. It is clear from Figure 6.4 that there is no
considerable variation in the yield strength value with fabrication speed. The maximum
value of yield strength is found as 10.5 MPa at 230 ˚C and minimum is at 210 ˚C at a
fabrication speed of 100 mm/s. There is a large increase of 64.1% from 210 ˚C to 230 ˚C
and almost no variation from 230 ˚C to 250 ˚C are observed. There is a slight decrease in
the values from 230 ˚C to 250 ˚C as it shown in Graph 6.2. The specific yield strength,
which is yield strength per unit sample mass, is plotted against extruder temperature and is
shown in Figure 6.5. The trend is like that of elasticity modulus.
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Yield Strength vs Fabrication Temperature
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Figure 6.4 Variation of yield strength with extruder temperature
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Specific Yield Strength vs Fabricated Temperature
Specific Yield Strength (MPa-mm/Kg)
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Figure 6.5 Variation of specific yield strength with extruder temperature

Fabrication
temperature
(˚C)

Yield strength (MPa) (St. dev. in%)

Yield percentage

100(mm/s) 125(mm/s) 150(mm/s) 100(mm/s) 125(mm/s) 150(mm/s)

210

6.4 (0.4)

6.5 (0.41)

6.6 (0.13)

230

10.5 (0.23)

9.6 (0.75)

10.4 (0.97)

64.1

47.7

57.6

250

10 (0.49)

10.3 (0.51)

9.8 (0.11)

56.3

58.5

48.5
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Table 6.2 Yield strength values with Fabrication Temperature
6.2.3

Variation in Failure Strength with Fabrication temperature

The results of the failure strength followed the results of yield strength. Failure stress is
obtained from the stress-strain curve where the plastic region ends and compact starts. The
average failure stress along with the percentile standard deviation are shown in Table 6.3
The average failure stress is also plotted in Figure 6.6 for better visual representation. Same
as yield strength, there is an increase in the average failure stress value from 210 ˚C to 230
˚C and almost no change from 230 ˚C to 250 ˚C. The maximum value is found as 14.5 MPa
at 230 0C fabrication temperature and a fabrication speed of 150 mm/s. The minimum
failure strength observed at 210 ˚C and fabrication speed of 150 mm/s. The maximum
variation in percentage is 31.8% between 210 ˚C and 230 ˚C however the change between
230 ˚C and 250 ˚C is very small 0.7%. The specific failure strength, which is the failure
stress divided by the sample mass, is plotted in Figure 6.7. It is observed that specific failure
stress the increases between 210 ˚C and 230 ˚C; however, decreases between 230 ˚C and
250 ˚C.
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FailureStrength vs Temperature
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Figure 6.6 Variation of failure strength with extruder temperature
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Specific Failure Strength vs fabrication Temperature

specific Strength (MPa-m/Kg)

0.03

0.025

100 mm/s

0.02

125 mm/s
150 mm/s
0.015

0.01
200

210

220

230

240

250

260

Fabrication Temperature(˚C)

Figure 6.7 Variation of specific failure stress with extruder temperature

Fabrication Failure strength (MPa) (St. dev. in %)
temperature
100(mm/s) 125(mm/s) 150(mm/s)
(˚C)

Failure Strength percentage
100(mm/
s)

125(mm/s)

150(mm/
s)

210

11.2(0.31)

11.5(0.26)

11 (0.13)

230

14.2
(0.25)

14.2(0.42)

14.5 (0.69)

26.8

23.5

31.8

250

14 (0.46)

14.1(0.51)

13.8 (0.11)

25

22.6

25.5

Table 6.3 Failure strength values with Fabrication Temperature
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6.2.4

Discussions

From the engineering stress strain curves, modulus, yield and failure stresses are found.
From all the results it was found that the values of modulus, yield and failure strengths
increase with increase in the fabrication temperature. This is due to the reduction in the
stress singularity as well as the increase in residual stress. It was clear from the physical
characteristics that the area of contact between fibers increases with an increase in
fabrication temperature. This is due to the fact that the molten polymer has low viscosity
at higher temperature resulting in the increase in gravity induced flow in the downward
direction before solidification. This in turn increases the contact area between fibers at
higher nozzle temperature. When the same load is applied, the stress distribution around
the fiber to fiber contact zone is more uniform for larger contact area resulting in less peak
stress. The opposite will happen of the contact area is less at lower nozzle temperature.
This will result in higher strength at higher fabrication temperature and vice versa. It was
observed that the speed has no effect on the mechanical characteristics. It was observed
that there is no effect on any of the mechanical characteristics with respect to fabrication
speed because the nozzle orifice is adjusted keeping the deposition rate unchanged for a
particular layer thickness. The modulus values increase because of decreases in the
singularity at higher temperature and variation in fiber shapes.
6.3

Hardness Test Results

Tables 6.4 and 6.5 show the average indentation lengths while indenting from top and
cross section, respectively. Indentation length is also plotted with fabrication temperature
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and is shown in Figures 6.8 and 6.9. In both the cases of the hardness tests i.e. indenting
the top surface and cross section, the length of indentation decreases with increase in
fabrication temperature. It is noted here that higher the indentation length, lower the
hardness and vice versa. For example, the average indentation length for the 250˚C/100
mm/s samples is 53 microns and that for the 210˚C/100 mm/s samples is 61.2 microns. It
means the hardness of the samples fabricated at lower temperature is lower that fabricated
at higher temperature. In case of indenting on top as shown in Figure 6.8, the data is little
scattered. This may be due to the non-planar indentation surface. When indented at cross
section near the interface of two fibers, the indentation length plots shown in Figure 6.9
are more regular as the surface is planar and the indentation length does not depend on
fabrication speed. The example result from Table 6.5 is as follows: the minimum
indentation length was found for the 250˚C/150 mm/s samples i.e. 46.2 and maximum
value is found for the 210˚C/150 mm/s samples which is 58.2 microns. Hardness is higher
at the higher fabrication temperature may be because of the higher residual stresses when
the samples are cooled down from higher fabrication temperature to room temperature.
The residual stress may resist deformation as the sample is indented with an indenter.

Indented Scratch Length (microns)
Fabrication temperature

100 mm/s

(˚C)

60

125 mm/ s

150 mm/s

210

61.2

61.7

58.8

230

60.1

55.4

55.8

250

53

52.8

53.2

Table 6.4 Measured indentation length values when indented from top

Indented length Vs Fabricated Temperature
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Figure 6.8 Variation of indentation size with fabrication temperature (indented the top
surface)

Indented Scratch Length (microns)

61

Fabrication

100 mm/s

125 mm/ s

150 mm/s

210

58.2

57.8

57.9

230

52

50.7

50.5

250

47.1

46.8

46.2

temperature (˚C)

Table 6.5 Measured indented scratch length values when indented the cross section
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Indentation Length vs Fabrication Temperature
70.0

Indeted scratch Length (microns)

60.0
50.0
40.0
100 mm/s
30.0

125 mm/s
150 mm/s

20.0
10.0
0.0
200

210

220

230

240

250

260

Fabrication Temperature(˚C)

Figure 6.9 Variation of indentation size with fabrication temperature (indented the cross
section)
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7
7.1

CONCLUSION
Summary

3D printed phononic structures have been investigated under compression and hardness
tests to understand the effect of process parameters on their mechanical properties.
Experiments were carried out on samples created using 9 process conditions: changing in
the build parameters such as extruder fabrication temperature and fabrication speed. The
influence of these parameters on physical characteristics such as the shape and size of
printed fibers in each layer, the fiber distance, and the fiber-to-fiber interface are
investigated. Mechanical properties like hardness, compressive modulus, yield strength
and failure strength are compared for all the specimen. SolidWorks is used to design the
specimen and MakerBot 2X Replicator is used to print them.
The specimens were subjected to compression test using an INSTRON universal testing
machine. This compression testing equipment runs with a software which would convert
all the obtained data in to excel worksheet. Stress-strain curves were plotted using the data
from worksheets. Hardness test is conducted on the 2 sets of samples using MICROMET
1. This testing equipment uses Clemex CMT software to measure, acquire and analyze the
results of hardness test. The length of indentation is measured by automatic image analyzer.
Using dimensional calibration, the indented diagonal is measured from tip to tip. Results
can be directly obtained or can be exported to the spreadsheets.
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7.2

Conclusions

From observing all the results and comparing them it is concluded that higher the
fabrication temperature better the mechanical properties, and vice versa. However, the
printed fibers are more uniform and well-rounded at lower fabrication temperature. It is
also observed that the fabrication speed has no effect on any of the physical or mechanical
characteristics. The highest value of modulus of elasticity is observed for the samples
fabricated at 250 ˚C and lowest at for the samples 210 ˚C. Whereas for the yield strength
and failure strength, the highest value is observed for the samples created at 230 oC and
above which the recommended fabrication temperature is. The strength values are the
lowest for the 210 ˚C samples. In case of physical characteristics from the optical
microscopic images and measurements it clear that at high fabrication temperature the
distance between the fibers is less and more at low fabrication temperatures. It is concluded
that to get the good or high mechanical properties high fabrication temperatures are
preferable. Low fabrication temperatures can be used for acoustic type applications
because of their uniformity.
7.3

Recommendations For Future Work

The present work mainly focusses on two parameters only i.e. fabrication temperature and
fabrication speed for a simple metastructure.
There are several recommendations for future work in this field of research. The effect of
infill density, infill pattern, layer thickness, and layer height on physical and mechanical
65

characteristics can be studied. It is also recommended to make a comparison of those results
with the finite element analysis (FEA) results. To find the mechanical characteristics tensile
test, bending test, impact or shear test any one of these is recommendable. Ninja flex or
PLA can be used as a material.
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9

Appendix

Figure 9.1 stress strain curve of condition1 (100mm/s, 230˚ C)

Figure 9.2 Stress strain curve of condition 2 (125 mm/s, 210˚C)
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Figure 9.3 Stress- Strain curve of condition 3 (150 mm/s, 210˚ C)

Figure 9.4 Stress - strain curve for condition 4 (100 mm/s, 230˚ C)
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Figure 9.5 Stress - Strain curve for condition 5 (125 mm/s, 230˚ C)
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Figure 9.6 Stress - strain curve for condition 6 (150 mm/s, 230˚ C)

75

Figure 9.7 stress - Strain curve of condition 7 (100mm/s, 250˚ C)
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Figure 9.8 Stress - Strain curve for condition 8 (125 mm/s, 250˚ C)
Figure 9.8

77

Figure 9.9 Stress - Strain curve for condition 9 (150 mm/s, 250˚ C)
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